Aim: To isolate and characterize rhizobacteria from Theobroma cacao with antagonistic activity against Phytophthora palmivora, the causal agent of the black pod rot, which is one of the most important diseases of T. cacao. Methods and Results: Among 127 rhizobacteria isolated from cacao rhizosphere, three isolates (CP07, CP24 and CP30) identified as Pseudomonas chlororaphis, showed in vitro antagonistic activity against P. palmivora. Direct antagonism tested in cacao detached leaves revealed that the isolated rhizobacteria were able to reduce symptom severity upon infection with P. palmivora Mab1, with Ps. chlororaphis CP07 standing out as a potential biocontrol agent. Besides, reduced symptom severity on leaves was also observed in planta where cacao root system was pretreated with the isolated rhizobacteria followed by leaf infection with P. palmivora Mab1.
fungicides and genetically resistant varieties, are labour intensive and only economically sustainable if cocoa market prices are high (Opoku et al. 2007; Sonwa et al. 2008; Acebo-Guerrero et al. 2012 ). In addition, Phytophthora can persist in soil from a few months to several years, ready to cause major epidemics when environmental conditions become favourable for sporulation and dispersal (Kroon et al. 2012) .
In Cuba, cacao is mostly grown in small farms in the eastern region of the country (Baracoa, Oriente Region). Recent studies confirmed that Phytophthora palmivora (Butler) is the predominant species causing black pod rot, causing losses in cacao farms in Cuba (Hubeaux 2010; Matos et al. 2011) . In Cuba, chemical control is often unavailable and the selection of promising genotypes, with high-quality beans and resistance traits to major diseases is not progressing fast enough and does not seem like a quick fix (Matos et al. 2011) , although there are some breakthroughs towards it (Bidot Mart ınez et al. 2015) . Therefore, other approaches, such as biological control, would be an alternative to reduce crop losses in the field and hopefully, secondary inocula in the soil.
In Theobroma cacao, the use of beneficial micro-organisms has been mainly focused on antagonistic fungi, such as Paecilomyces, Rhizopus and Trichoderma (Mpika et al. 2009; Adebola and Amadi 2010) . Some reports describe the isolation of bacterial antagonists, often referred as Plant Growth Promoting Bacteria (PGPB). These potential biocontrol agents include endophytic bacteria from tomato (Bacillus spp.) (Melnick et al. 2008) , yam (unidentified bacteria) (Koranteng and Awuah 2011) , cocoa rhizosphere (unidentified bacteria) (Mpika et al. 2011 ) and endospore-forming bacteria from cocoa pods and leaves (Bacillus spp.) (Melnick et al. 2011) . However, these reports are often limited to the assessment of in vitro antagonistic activity and lack a thorough identification and physiological characterization of the antagonists. In this study, we report the isolation, selection and characterization of rhizobacteria from healthy cacao plants in Baracoa with antagonistic activity both in vitro and in vivo against P. palmivora.
Materials and methods

Isolation of the rhizobacteria from cacao rhizosphere
The rhizospheric soils of six healthy T. cacao trees (natural hybrids, labelled as 409, 410, 411, 451; and clones UF650 and UF677) , growing in the Experimental Agroforestry Station (Baracoa, Cuba), were collected. Samples of 1 kg were weighed and kept at 4°C until processed. Serial dilutions were prepared from 1 g of each sample and 100 ll of each dilution was plated in King B (KB) Agar (Merck, Darmstadt, Germany) supplemented with cycloheximide (100 lg ml À1 ). Plates were incubated for 24 h at 28°C (Hernandez-Rodriguez et al. 2011) . Individual colonies with fluorescent pigments were picked from the plates, streaked in nutrient agar slants and kept at 4°C for further studies.
Dual culture assay against Phytophthora palmivora Phytophthora palmivora Mab1 and Poa2 were used for the in vitro antagonism assay in plates. These strains were previously isolated from a T. cacao diseased pod in Baracoa (Cuba) , identified by Dr. Cony Decock and deposited at the Fungal Collection at the University of Havana, Cuba.
All the bacterial isolates were tested for in vitro antagonism in V8 plates. The bacterial isolates were grown in KB broth (Merck, Darmstadt, Germany) for 48 h at 25°C. Then, four drops of 15 ll of culture broth were inoculated at 1 cm from the edge of unclarified V8 agar plates. A plug (Ø 7 mm) from the leading edge of a 7day-old oomycete culture was placed in the centre of each Petri dish (Ø 90 mm). Plates that were inoculated only with an oomycete plug were used as negative control. The plates were incubated for 7 days at 25°C. Fungal inhibition was scored according to Perneel et al. (2007) : when bacteria were covered by fungal growth, it was scored as 0; hyphae at the edge of the bacterial colony scored 1 and a distinctive inhibition zone (>2 mm) around the bacterial colony scored 2. Only those isolates that clearly inhibited (score 2) one or both of the tested P. palmivora strains were selected and considered for further characterization. For the selected isolates, the inhibition percentage against both Mab1 and Poa2 was assessed according to Bashan et al. (1996) . The experiments were repeated three times with three replicates per treatment. This assay was set out as a selection criterion to perform additional experiments.
In vitro antagonistic activity in detached leaves
Seeds from T. cacao UF650 were provided by the Experimental Station of Coffee and Cacao of Baracoa (Cuba). This genotype was very susceptible to P. palmivora Mab1 (score of 4Á8) and susceptible (score of 2Á7) to P. palmivora Poa2 (Fig. S1 ), according to Thevenin et al. (2012) . Phytophthora palmivora Mab1 was selected for the assays in detached leaves and plants, with the intention to assess if the antagonistic isolates were able to control a more aggressive pathogen. Seeds were sown in potting soil and kept in greenhouse conditions (25°C and a 16 : 8 light/darkness photoperiod using Osram lamps: 70 lmol m À2 s À1 ) for approx. 4 months. Leaves of approx. 2-month old were collected, rinsed three times with sterile water, placed in sterile Petri dishes with moistened paper and incubated overnight at 25°C in the darkness, according to Nyass e et al. (1995) .
Zoospore suspensions of P. palmivora Mab1 were prepared according to Nyass e et al. (1995) . The zoospore concentration was adjusted with a Rosenthal-Fuchs' cell to 30 000 zoospores ml À1 . Bacterial inocula were prepared by growing the selected bacterial strains for 48 h in KB agar medium at 25°C. The content of the plates was scraped and washed twice with 5 ml of sterile distilled water. Bacterial suspensions in sterile water were prepared by adjusting the OD 600 to 0Á1 and diluting them 1 : 100. Cell-free culture media was prepared from cultures of 48 h in King B broth (28°C, 170 rev min À1 ) that were centrifuged (3000 g, 10 min) and filtered (Sartorius â , Ø 0Á2 lm).
The collected leaves were submerged in either cell suspensions, cell-free culture media or water for 45 min. Then, 15 ll of the zoospore suspension was inoculated in the abaxial side of the leaves and covered with 15 ll of sterile molten low-melting-point agarose (4% in water, w/v). Infected leaves in the sealed humid chambers were incubated at 25°C in the dark for 7 days. Symptom severity was evaluated using the scale described by Nyass e et al.
(1995) (0: no symptoms, 1: penetration points, 2: network of points, 3: weblike patch, 4: mottled patch, 5: true necrosis). Disease severity was calculated by the following equation: Disease severity = (Σ (number of infected leaves corresponding to the value of the scale 9 scale value)/ (Total of plants 9 the highest scale value))Á100, according to Yang et al. (2009) . The experiment was repeated three times with three replicates per treatment.
In planta bioprotection assay
Theobroma cacao UF650 seeds were disinfected with a calcium hypochlorite solution (5%, w/v) for 15 min and then rinsed thoroughly with sterile water. Mucilage was removed and seeds placed in MS half-strength medium (Duchefa Biochimie, Belgium), supplemented with 3% sucrose and 2% Gelrite; and incubated at 25°C with a 16 : 8 (light:darkness) photoperiod until plantlets reached 20 cm tall (approx. 60-day old).
Plantlets were removed from the pots and their roots were rinsed thoroughly. Roots were then submerged for 45 min in a bacterial suspension (prepared as described above) or water. They were immediately transplanted to sterile pots filled with sterile perlite and watered with 200 ml of MS full-strength liquid medium (supplemented with 1Á5% sucrose) and mixed thoroughly with 45 ml of a bacterial suspension or water. Pathogen challenge was carried out 10 days after the bacterial inoculation. Five hundred microlitre of the zoospore suspensions were taken and gently mixed with 500 ll of molten sterile low-melting-point agarose (4%). The agarose-zoospore suspension was applied to the abaxial side of three fully developed green leaves (approx. 2 months old) for each plant with a sterile paintbrush (Widmer 2009). Plants were covered with a plastic container that was sealed with Parafilm â . The severity of symptoms was assessed 7 days after inoculation. Symptoms were scored and the disease severity was calculated as previously described. Controls were established using only the bacterial strains or water without inoculating the zoospores, in addition to a control where only the pathogen was inoculated and roots were treated with water. The experiment was repeated three times with nine plants as replicates per treatment.
Identification of the rhizobacterial isolates
The isolates were identified using a polyphasic approach, combining phenotypic and genotypic methods. Physiological characterization of the selected isolates was done with BIOLOG GN2 plates (Biolog, Inc., Hayward, CA, USA) and API 20NE kit (Biom erieux, France) according to manufacturers' instructions, along with the oxidase test, motility and Gram stain. All the characteristics were noted, and compared to those contained in the Bergey's Manual of Systematic Bacteriology (Palleroni 2005) . A Multi Locus Sequence Analysis was done, using partial sequences of 16s rDNA, gyrB, rpoD and recA (Primer sequences and amplicon sizes are shown in Table S1 ). PCR mixtures (20 ll) contained 19 PCR Master Mix (Promega â , Dübendorf, Switzerland) and the primers at 5 lmol l À1 final concentration. PCR was performed as follows: initial denaturation at 95°C for 5 min, 30 cycles consisting of 95°C for 1 min, the annealing temperature for 1 min and 72°C for 1Á5 min, followed by a final extension step of 10 min at 72°C. PCR products were cloned using the TOPO TA Cloning Kit â , according to the manufacturer's instructions (Invitrogen Life Technologies SA, Paisley, UK) and sent for sequencing to GATC Biotech â (Germany). For 16s rDNA, sequences were aligned using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The identification criteria of >99% sequence identity for identification to species level were applied (Drancourt et al. 2000) , as well as the analysis of the phylogenetic tree. Phylogenetic analyses of all gene sequences were carried out using the obtained sequences and those of different Pseudomonas species retrieved from GenBank, using the same bacterial species for comparison (and if sequences were available, the same strains). Sequence alignment was carried out by Clustal W contained in the software MEGA v. 5.05 (Tamura et al. 2011 ) and corrected manually. The Maximum likelihood method was used to build a concatenated tree for gyrB, rpoD and recA sequences (in that order) and an individual tree for 16s rDNA, with the models that best fitted the data. All analyses were made using MEGA v 5.05, and confidence analysis was undertaken using 1000 bootstrap replicates.
Motility and biofilm formation
Swarming and twitching motilities were tested in LB medium (Merck, Germany) with agar concentrations of 0Á6 and 1%, respectively, according to Rasamiravaka et al. (2013) , with slight modifications. The inoculum in both cases was 5 ll of an overnight culture of the strains in KB broth (28°C at 170 rev min À1 ) diluted to an OD 600 of 1. To assess swarming, the inoculum was placed on the agar surface and swarming motility was recorded as the diameter of bacterial growth in mm after 48 h of incubation at 28°C and any diameter higher than twofold the inoculation diameter (5 mm) was considered positive. For twitching, the inoculum was deposited in between the agar surface and the bottom of the plate. Twitching was recorded as the diameter of the stained area and any bacterial strain that had a detectable twitching zone upon visible inspection was scored as positive. Three replicates were established by strain and the experiment was repeated three times. Biofilm formation was assessed according to Rasamiravaka et al. (2013) , incubating the strains at 28°C instead of 37°C.
Production of HCN, lytic enzymes, antimicrobial compounds and siderophores
The ability to produce hydrogen cyanide was detected in Tryptic Soy Agar (Merck, Germany) amended with glycine (4Á4% w/v), using the picrate/Na 2 CO 3 saturated filter paper, fixed to the underside of Petri dish lids, which were sealed with parafilm before incubation at 28°C for 96 h (Kremer and Souissi 2001) .
Lipase activity was detected according to Poritsanos (2005) in LB Agar supplemented with Tween 80 (2% v/v) and CaCl 2 (0Á22 g l À1 ). Protease activity was detected in nutrient agar supplemented with 2Á5% (w/v) skimmed milk (Nestl e, France) according to Perneel et al. (2007) .
Pyoverdine production was quantified according to Meyer and Abdallah (1978) , using overnight cultures of the bacteria in Casamino Acid (CA) broth (Bac-toCasamino Acid, BD, 5 g l À1 ; K 2 HPO 4 1Á18 g l À1 ; MgSO 4 Á7H 2 O 0Á25 g l À1 ) (28°C at 170 rev min À1 ).
The screening for phlD, prnC, phzCD, pltB and darB (involved in the production of the antibiotics 2,4-diacetylphloroglucinol (DAPG), pyrrolnitrin (PRN), phenazines (PHZ), pyoluteorin (PLT) and 2-hexyl-5-propyl resorcinol (HPR) respectively) was carried out by PCR, according to Mavrodi et al. (2001) and Calder on et al. (2013) . Primers are listed in Table S1 . Antibiotic production was confirmed by TLC, as described elsewhere (Whistler et al. 2000; Cazorla et al. 2006) . Briefly, bacterial cultures (15 ml) of 4 days in King B broth at 28°C without shaking were centrifuged at 3800 g for 15 min. The supernatants were extracted twice with 5 ml ethyl acetate, left to dry out and resuspended in 100 ll of methanol. The metabolites were detected by thin layer chromatography using silica RP-18F254 S TLC plates (Merck AG, Germany). Pseudomonas protegens Pf-5 was used as control for PLT, PRN, and DAPG; Pseudomonas chlororaphis 30-84 for PHZ and HPR.
Bacterial ability to produce biosurfactants
For the detection of biosurfactants production, drop collapse assay was carried out according to Kuiper et al. (2004) . Any increase in drop diameter compared to noninoculated culture medium (that was used as negative control) was considered as positive. All assays were repeated three times with three replicates for each strain.
Additional analyses were carried out using high-pressure liquid chromatography (HPLC)+MS to identify the biosurfactant. Analytical HPLC was performed by using a Waters apparatus equipped with a 626 pump, a 626 controller and a 996 photodiode array detector. Samples were analysed on an HPLC apparatus (Waters 600 system) coupled to both UV (Waters 2487 detector) and mass (Micromass Waters VG Quattro II mass spectrometer) detectors. A BIO Wide Pore C-18 column (250 by 4Á6 mm; 5 lm) was used, and the solvent elution consisted of a linear gradient of water and acetonitrile (from 5 to 100% acetonitrile in 30 min) at a flow rate of 1 ml/ min. After UV detection at 215 and 254 nm, the column eluate was split (LC Packings splitter), and 0Á1 ml/min was directed to the mass spectrometer fitted with an ESI interface. For mass detection, analyte ionization was achieved by using the positive electrospray mode. The ESI parameters used were: nebulizing gas (N2, 20 l h À1 ), drying gas (N2, 250 l h À1 ), source temperature (80°C), cone voltage (35 V) and capillary voltage (35 kV). The total ion current scanning was from m/z 115 to 1000 with 1 s per scan. Additionally, CP07 was streaked in front of Pseudomonas tolaasi CH36 in KB Agar, according to Rokni-Zadeh et al. (2012) (data not shown).
Generation of CP07-1, a mutant deficient in biosurfactant production
The genome of CP07 was sequenced using the Illumina MiSeq system (at the VIB nucleomics core). The library was constructed using the Nextera kit, read length as 150 bp paired end. The coverage was about 62 times, and the sequencing reads were assembled by Velvet (Zerbino and Birney 2008), with 93 contigs representing the draft genome. Each contig was uploaded to ANTISMASH 2.0 (Blin et al. 2013) to detect the biosurfactant biosynthetic gene cluster and the amino acid specificity of each acetylation (A) domain. Primers were designed (Table S1) to construct a deletion mutant using the pMQ30 allelic replacement vector (Shanks et al. 2006) . Escherichia coli strains were grown in LB at 37°C, supplementing with diaminopimelic acid for WM3064 (0Á34236 g l À1 ) (Table S2 ). Saccharomyces cerevisiae InvSC1 was grown in Yeast Peptone Dextrose medium at 28°C (Table S2 ). For selection, the antibiotic Gentamicin (20 or 100 lg ml À1 ) was used. Primers were designed for the amplification of two regions in the putative viscC gene, with adaptors to hybridize with the suicide vector pMQ30. The purified and digested plasmid and the amplified fragments were inserted in S. cerevisiae InvSC1 by heat shock, according to the protocol described by Olorunleke (2011) . The resulting plasmid was electroporated into E. coli WM3064 and conjugated into Ps. chlororaphis CP07. The loss of the desired sequence was verified as described by Olorunleke (2011) and the mutant was noted as CP07-1. Its ability to produce biosurfactants, to swarm, to twitch and to form biofilms was evaluated and compared to the wild type, which was set as 100%. The in vitro antagonism against P. palmivora Mab1 was tested as described previously, comparing the inhibition percentage to the wild type. In addition, an in planta assay was carried out, as described before, to compare the bioprotection effect against P. palmivora Mab1 with the wild type CP07.
Statistical analysis
Normality and homogeneity of variance tests were carried out for all the data. Kruskal-Wallis' ANOVA and Mann-Whitney U test were performed for the data that did not fulfil the normality criteria to assess significant differences (P < 0Á05). As for biofilm, swarming and biosurfactant detection data were analysed through ANOVA and post hoc Tukey's honest significance test. A representative repetition of each experiment was used for the figures. Standard deviation was calculated and indicated as vertical bars in the figures. All tests were performed using the software STATISTICA 8.0 (Stat Soft, Inc., Tulsa, OK, USA).
Results
In vitro antagonistic activity of cacao rhizobacteria against Phytophthora palmivora Rhizobacteria were isolated from rhizospheric soil and screened for in vitro antagonistic activity using a dual culture assay against two P. palmivora strains, Mab1 and Poa2. From the rhizosphere of 6 T. cacao trees, 127 isolates were recovered but only three isolates (2Á3% of the isolates) were selected as antagonists. These isolates were noted as CP07, CP30 (both isolated from the rhizosphere of tree 451) and CP24 (isolated from the rhizosphere of tree 410) (Table S3 ). For the remaining four cacao trees it no antagonistic rhizobacteria was isolated.
As shown in Fig. 1, CP07 and CP30 inhibited the growth of both P. palmivora Mab1 and Poa2, whereas CP24 only inhibited the growth of Poa2 (36Á7%). Both CP07 and CP30 caused similar inhibition percentages in Poa2 (51Á7 and 50% respectively). CP30 showed a significantly higher inhibition percentage (50Á5%) against Mab1 than CP07 (46Á3%).
Disease severity is reduced in detached leaves when the rhizobacterial isolates are applied No symptoms were observed when the rhizobacterial isolates or their cell-free spent media were applied in detached leaves, confirming their innocuity in this assay. In cacao leaves treated with Mab1, we could observe symptom development from day 5 post inoculation, although the symptoms were scored 7 days post inoculation, according to Nyass e et al. (1995) .
As shown in Fig. 2 , in control conditions (detached leaves infected with Mab1) the disease severity reached 85Á2% and all the tested treatments reduced symptom severity. For instance, CP07's bacteria suspension and its cell-free spent medium reduced disease severity to 23Á7 and 43Á1% respectively; followed by CP24's cell-free spent medium and CP30 bacterial suspensions (48Á8 and 53Á3% respectively). Bacterial suspensions of CP24 and CP30's cell-free spend medium only reduced disease severity to 69Á3 and 77Á3%, although they showed significant differences with the control inoculated with Mab1.
The selected rhizobacteria are able to protect cacao plantlets against Phytophthora palmivora
The ability of CP07, CP24 and CP30 to bioprotect plants against Phytophthora infection was assessed by applying bacterial suspensions to the root system of 60day-old axenically cultured cacao plantlets, incubating them for 10 days and then inoculating a suspension of oomycete zoospores to the leaves' abaxial surfaces, to mimic the natural conditions in which the three components (plant, bacteria and fungus) may interact. Within the root system, none of the bacterial isolates caused any pathogenic symptoms. The application of rhizobac-terial isolates to the root system resulted in reduced disease severity 7 days post leaf infection compared to the plantlets inoculated only with Mab1 (control treatment). The lowest disease severity was achieved with CP07 (37%) (Fig. 3) , followed by CP24 and CP30 (45Á2 and 48Á1% respectively).
The rhizobacterial isolates were identified as Pseudomonas chlororaphis
The identification of the rhizobacterial isolates was achieved through the partial sequencing of genes and analysis of individual (16s rDNA) and concatenated (gyrB, rpoD, recA) trees. All the sequences were deposited in GenBank (HQ446865-HQ446869). The analyses with BLAST of the partial sequences of 16s rDNA suggest that the isolates belong to Ps. chlororaphis, scoring 99% of similarity with several Ps. chlororaphis strains deposited in GenBank. Besides, all three rhizobacterial isolates clustered with Ps. chlororaphis in the phylogenetic tree (Fig. 4a ). Similar results were found for the tree from partial concatenated sequences of the genes gyrB, rpoD and recA (Fig. 4b) .
Analysis of PGPR-related traits revealed differences between CP07 and the two other rhizobacterial strains PGPR-related traits were evaluated for CP07, CP24 and CP30, including the production of pyoverdine, HCN, biosurfactants, protease, lipase, antibiotics as well as motility and the ability to form biofilm. Based on the results (Table 1) , CP07 exhibits a distinctive behaviour in comparison with CP24 and CP30 in the production of pyoverdines, biosurfactants and PHZ, as well as the motility and biofilm formation.
When pyoverdine production was quantified, CP07 produced almost twice as much pyoverdines as CP24 and CP30. As for HCN, it was produced by CP07 and CP30 and not by CP24. The strain CP07 was the only one to produce biosurfactants, as evidenced by the drop collapse. The strains CP07 and CP30 had proteolytic activity, and all the strains were able to produce lipases.
CP07 was the only strain to exhibit swarming motility, since its diameter was significantly higher (84Á7 AE 0Á6 mm) than the inoculation diameter (5 mm). However, neither CP24 nor CP30 could swarm, which was evident by their growth diameter (7Á3 AE 0Á6 mm for both) and the lack of dendrites or pattern formation (Fig. S2 ). On the other hand, all strains were able to twitch, although CP07 had the highest diameter (28Á9 AE 1Á06 mm) (Table 1) , followed by CP30 and CP24 (10Á6 AE 1Á1 and 9Á4 AE 0Á9 mm). Finally, with regard to biofilm formation, CP07 had the highest values (0Á89 AE 0Á03), followed by CP30 (0Á39 AE 0Á07) and CP24 (0Á16 AE 0Á01).
Antibiotic genes were identified by PCR and their corresponding products were detected by TLC. CP07 produced PHZ and HPR, CP24 produced PLT and PRN, CP30 produced DAPG, PLT, PRN and HPR.
Mutant impaired in viscosin production evidenced its role in motility, biofilm formation and bioprotection LC-MS analysis of the cell-free culture medium allowed the detection of only one molecule within the range 400 to 1500 m/z for CP07 (retention time = 26Á42 min), and none for CP24 and CP30. The pseudo-molecular ion [M+H]+ in the extract of CP07 was detected at m/z 1126 (exact mass 1126Á7), corresponding to the molecular mass of viscosin or White Line Inducing Principle (Fig. S3) . Besides, the biosurfactant was identified as viscosin when no white line appeared between the colonies of CP07 and Ps. tolaasi CH36, according to Rokni-Zadeh et al. (2012) (data not shown).
In the genome of CP07, a nonribosomal peptide synthase gene was located (GenBank access number pending) with 79% similarity to viscC, involved in viscosin ‡Value represents the diameter of the swarming area (the bacterial growth diameter minus the inoculation diameter (5 mm)). §Value represents diameter of the stained area (mm) AE standard deviation.
¶Value represents OD 590 AE standard deviation. **The antibiotic genes were detected by PCR and the antibiotic production was detected by TLC. (1000 replicates) are shown next to the branches. The evolutionary distances were computed using: (a) the Kimura 2-parameter method, the rate variation among sites was modelled with a gamma distribution (shape parameter = 1), using the 16S rRNA gene sequence of Escherichia coli to root the phylogenetic tree; (b) using the Tamura 3-parameter method, the rate variation among sites was modelled with a gamma distribution (shape parameter = 5).
production in Pseudomonas fluorescens SBW25 (de Bruijn et al. 2007) . A deletion mutant, named CP07-1, was constructed using the suicide vector pMQ30. The mutant's ability to produce biosurfactants was evaluated, significantly failing to flatten the drop, which indicate a loss of the ability to produce biosurfactants compared to the wild type CP07 (Table 2) . Additionally, LC-MS analysis of the cell-free spent media of the mutant, showed that the peak corresponding to viscosin at retention time 26Á42 min was not detected. The mutant displayed no swarming and a limited twitching motility (Table 2) , along with a diminished ability to form biofilms when compared to CP07 (Table 2) . When the wild type CP07 and CP07-1 were compared in the dual culture plate assay against P. palmivora, there were no significant differences in their ability to suppress mycelial growth (Fig. 5a ). However, in the bioprotection assay, the plants treated with CP07-1 showed a significantly higher disease severity (28Á1%) than those treated with CP07 (15Á6%), (Fig. 5b) , although both were able to reduce disease severity when compared to the Mab1-infected plants.
Discussion
In this study, from 127 cacao rhizobacterial isolates, only three (representing 2Á3%) were found to be antagonists against P. palmivora. Although in comparison with other studies, the number of recovered antagonists may be con- Our results are similar to those reported by Adesina et al. (2007) in nonsuppressive soils, where the antagonists may represent 2-10% of the isolated bacteria, in contrast with suppres-sive soils, where they may represent up to 50% of the recovered isolates. In Baracoan soils, this is the first study concerning the isolation of PGPR, and it suggests that these soils are non suppressive, due to the low percentage of antagonists recovered, along with other factors already described by Hubeaux (2010) , such as the abundance of diseased trees and the high concentration of Phytophthora propagules. During preliminary in vitro dual culture experiments, clear inhibition zones were observed for the hyphae of P. palmivora Mab1 and Poa2 when faced with CP07 and CP30, suggesting their strong antagonistic potential towards the phytopathogen. As for CP24, it caused inhibition zones only in the mycelium of P. palmivora Poa2. According to Karthikeyan and Gnanamanickam (2008) , this may be due to the fact that PGPR are able to inhibit pathogens' growth through different mechanisms and their antagonistic effects may vary against different strains Figure 5 Comparison of the wild type CP07 and the mutant CP07-1 in: (a) dual culture antagonism in V8 Agar plates, expressed as fungal inhibition percentage of Phytophthora palmivora Mab1; and (b) bioprotection activity against P. palmivora Mab1 in 80-day-old of Theobroma cacao, 7 days post pathogen inoculation, expressing disease severity evaluated on leaves. Bacterial suspensions were used as treatments and 10 days later, the pathogen was inoculated on the leaves. Noncommon letters indicate significant differences using Mann-Whitney test (P < 0Á05). The results are from a representative experiment and standard deviations are indicated as vertical bars. of a fungal pathogen. Das et al. (2008) reported that those antagonists that inhibit mycelial growth more than 30% in dual plate assays, are more likely to protect plants against pathogens, therefore we kept all three isolates for further assays. On the other hand, Melnick et al. (2011) , when selecting antagonists (Bacillus spp.) against several cocoa phytopathogens including Phytophthora, found that results in detached leaves may differ from dual plate assays and that some strains that are mildly antagonists in dual culture may suppress disease symptoms in leaves. For this reason, CP24 was also selected for further characterization.
Detached leaves have been used as indicators of Phytophthora virulence in T. cacao (Efombagn et al. 2011) . While screening for resistant cacao genotypes against black pod rot, Thevenin et al. (2012) showed that the aggressiveness of Phytophthora may influence disease severity. In our study, the virulence of both P. palmivora strains was assessed in detached leaves; but only Mab1 was selected for further studies due to its virulence (Fig. S1 ). On the other hand, a positive correlation has been reported between pod infection rates in the field and those of 2-month-old detached leaves (Tahi et al. 2007; Nyadanu et al. 2012) . Therefore, a detached leaf assay was performed to assess the ability of the bacteria and their cell-free spent media to mitigate Phytophthora symptoms.
Metabolites present in the culture filtrates have been found to be efficient in controlling pathogen infection in grapevine (Compant et al. 2013) . However, in this study, bacterial suspensions contributed to a more significant decrease in Phytophthora symptoms in detached leaves than culture filtrates of CP07 and CP30 (Fig. 2) . The causes for these results may be that the bacteria were able to inhibit the fungus by a synergy of mechanisms or to produce higher amounts of antimicrobial compounds in vivo. It is also possible that the amounts of antibiotics present in the culture filtrates were not sufficient to achieve a complete control of the pathogen. Similar results were reported by Raio et al. (2011) when using a phenazine-producing Ps. chlororaphis strain against the cypress bark canker, caused by the fungus Seiridium cardinale, where the bacterial suspensions had an effect more noticeable than culture filtrates. In the case of CP24, the culture filtrate was more effective in reducing symptoms in the leaves. Metabolite content and diversity in culture filtrates may vary according to the environmental conditions, such as glucose concentration, as reported elsewhere (Iavicoli et al. 2003; Ramarathnam et al. 2011) . This suggests that for the CP24 strain either the concentration or the diversity of metabolites may be higher in the cell-free culture filtrate than in cell suspensions. On the other hand, Li et al. (2011) reported that for some Pseudomonas strains, the growth in commonly used culture media (rich carbon sources) decreased their in vivo ability to control Fusarium oxysporum f. sp. melonis, improving it in carbon starvation conditions; while others were not influenced by carbon starvation and kept their biocontrol activity intact in all the conditions. Since the biocontrol agents should be able to adapt to hostile environments, such as the rhizosphere, we considered the use of live bacteria instead of the culture filtrates for further assays.
The bioprotection assay in planta showed that bacterial suspensions of CP07 were effective in reducing Phytophthora symptoms, corroborating the results obtained in detached leaves. The other selected rhizobacteria were also able to reduce disease severity when compared to the control. This led to the conclusion that an assay using detached leaves may be a good measure of the antagonistic ability of rhizobacteria against P. palmivora in T. cacao.
In this study all the strains were able to produce pyoverdines, although it is unlikely that the inhibitory effect against Phytophthora was mainly due to pyoverdines. Their main inhibitory activity occurs in low iron concentrations (Sayyed et al. 2013 ) and in the case of the dual culture assay, there was a significant fungal inhibition in spite of being carried out in V8 Agar, a rather rich medium. Although it has been reported that in the rhizosphere siderophore-producing bacteria may control phytopathogens when iron availability is limited, it is unlikely that pyoverdines are the responsible compounds for the antagonistic effect in other conditions (Sayyed et al. 2013) . Nonetheless, pyoverdines may contribute to the antagonism, particularly in iron stress conditions, where siderophores have been reported to provide bacteria with a competitive advantage in the rhizosphere Loper et al. 2012) .
As for other antimicrobial metabolites, we noticed that the strains that showed a higher antagonism in dual culture, both CP07 and CP30, produced proteases and HCN. However, in planta, the treatment with CP07 and CP30 resulted in significant differences, and none between CP24 and CP30, suggesting that neither proteases nor HCN are directly responsible of the effect in planta. However, they may contribute to the antagonism, although their direct role in PGPB-plant interactions has not been fully clarified (Ghirardi et al. 2012; Jiao et al. 2013) .
It is interesting to note that although CP07 only produced PHZ, HCN and HPR, it was able to reduce disease severity in greater extent than the other strains. The production of PRN and PLT was detected by TLC for CP24 and CP30, both of which have been reported to inhibit fungal pathogens in other crops (Ramarathnam et al. 2011; Jiao et al. 2013 ). In addition, CP30 produced HPR and DAPG, compounds that have been linked to biocontrol against fungal phytopathogens in wheat and avocado Calder on et al. 2013) . The exoproduct profiles of the strains were different, particularly regarding the production of PRN and PHZ. Although PRN genes are present in most Ps. chlororaphis strains, they were absent from CP07. A similar fact was observed by Chen et al. (2015) , who reported the isolation of a Ps. chlororaphis strain (HT66) that does not produce PRN but does produce a biosurfactant, such as CP07 in this study. As for the PHZ production, although it is well documented for the Ps. chlororaphis strains , Calderon et al. (2015) reported that Ps. chlororaphis PCL1606 does not have a phenazine cluster in its genome. It is also worth noticing that not many genomes of Ps. chlororaphis have been sequenced (eight in the Genome Database at the NCBI, consulted on July 2nd 2015), so maybe in the future more Ps. chlororaphis strains will turn up without a phenazine cluster. This also suggests that although Ps. chlororaphis strains share a core genome, there are differences between strains, as established by Loper et al. (2012) .
By using a mutant impaired in viscosin production, CP07-1, it was confirmed that viscosin could play a role on the motility and the formation of biofilms, and therefore it may influence in vivo antagonism. In this study, CP24 and CP30 were found to be less motile than CP07, which could partially explain the results in detached leaves, as well as in planta. Although Mazzola et al. (2007) reported that viscosin do not inhibit mycelial growth of the oomycete Pythium, Le et al. (2012) , showed that there is a specific interaction between different biosurfactants and phytopathogens and some may not inhibit mycelial growth. However, de Bruijn et al. (2007) and van de Mortel et al. (2009) reported that massetolide A displays the highest inhibition on zoospores of Phytophthora infestans, with a lesser effect on mycelia, which could explain the differences observed in dual plate assay and in planta assay, where the antagonistic activity of CP07-1 was compared to the wild type.
As biocontrol agents should have the ability to compete successfully with other micro-organisms for nutrients and space in the rhizosphere, motility and biofilm formation have been reported to play a role in root colonization (Buddrus-Schiemann et al. 2010; Berendsen et al. 2012) . Biosurfactants can change the viscosity of surfaces, thereby influencing cell differentiation and motility (Hultberg et al. 2011) . In plant-associated environments, biosurfactants may act as wettability agents of the hydrophobic cuticle of leaves and root, which may promote not only cell motility but even solubilization and diffusion of substrates for growth ). However, it is not clear how the effects of viscosin on biofilm formation and swarming (observed in vitro) can be extrapolated to root colonization. On one hand, it has been reported that Ps. fluorescens mutants deficient in biofilm formation on abiotic surfaces colonized alfalfa roots as efficiently as the wild type strain (Barahona et al. 2010 ). On the other hand, it has been established that with better swarming comes better root colonization and therefore, a more efficient biocontrol (Barahona et al. 2011) . Moreover, a fleQ-mutant (unable to form flagella) derived from Ps. fluorescens SBW25, a link between viscosin and motility was reported by Alsohim et al. (2014) . These authors described no swarming for double mutants fleQ-viscC, suggesting that viscosin's primary function is motility, which has been confirmed by our results. Additionally, these authors also evidenced the fact that viscosin increases the efficiency of surface spreading over the plant root and protects germinating seedlings in soils infected with the plant pathogen Pythium. Therefore, a root colonization assay should be carried out to confirm if CP07-1 can colonize the cacao rhizosphere as efficiently as the wild type. If so, the decrease in bioprotection, observed in this study for CP07-1, may be due to the effect of a possible synergy between viscosin and other metabolites, as it has been reported for other biosurfactants (Perneel et al. 2008) .
In conclusion, three rhizobacteria isolated from T. cacao showed potentialities to be used as biocontrol agents, since they were able to inhibit in vitro the mycelial growth of P. palmivora, and to reduce symptom severity of Phytophthora infection in detached leaves and in planta. However, there was a difference in behaviour between the three strains, which suggests that the mechanisms of action against Phytophthora are probably different. Therefore, other studies involving mutants would be useful to study the effect of the potential biocontrol metabolites. Among these antagonists, Ps. chlororaphis CP07 was identified as a new promising biocontrol agent. Further studies are needed to evaluate the repeatability in field conditions, the cost and the efficacy of the rhizobacteria in the management of black pod rot. In addition, the mechanism(s) through which the rhizobacteria inhibit Phytophthora mycelia growth and symptom appearance should be studied to fully understand their antimicrobial activities.
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